OBJECTIVE: Leptin secretion has been shown to respond acutely to changes in blood glucose and insulin. Nutritional state also has a marked effect on both the level of circulating leptin protein and leptin gene expression. The aim of this study was to assess whether the prior nutritional state altered the leptin secretory response to an acute glucose challenge, and to determine potential mechanisms. DESIGN: Male fed or fasted rats (200-250 g) were administered a single intravenous glucose bolus (1, 4 or 7 g/kg). The serum leptin, glucose, insulin and free fatty acid responses were studied over the following 5 h. The level of leptin gene expression and leptin protein was then determined in the epididymal fat pads, and in fed and fasted untreated rats for basal comparison. RESULTS: Leptin secretion in response to glucose was suppressed in fasted rats following all glucose doses. The total leptin response was correlated with the total insulin response in all conditions (r ¼ 0.85) and with the glucose response in fed rats (r ¼ 0.69). Both leptin gene expression and leptin protein content were lower in basal fasted rats. Leptin gene expression and leptin protein content still remained lower 5 h following a glucose bolus but there was partial reversal of the effects of fasting following the 7 g/kg glucose dose. CONCLUSIONS: Leptin secretion in response to an intravenous glucose bolus was determined by the insulin response and was significantly suppressed in fasted compared to fed rats. In addition to differences in the total insulin response of the animals, lower leptin responses may be facilitated by lower levels of both leptin gene mRNA and pre-existing leptin protein in epididymal adipose tissue of fasted rats.
Introduction
In both humans and rodents serum levels of leptin and the level of leptin gene (ob) expression have been shown in numerous studies to be related directly to the amount of fat stored in the body. However, leptin levels can be increased or decreased acutely, independently of changes in adiposity. [1] [2] [3] Fasting causes a significant reduction in serum leptin and leptin gene expression. [2] [3] [4] [5] [6] [7] [8] The fasting-induced reduction in leptin gene expression can be reversed by refeeding or the administration of insulin or glucose. 4, 5, 9 In vitro, leptin secretion is stimulated acutely by both glucose [10] [11] [12] and insulin [13] [14] [15] [16] and inhibited by nonesterified fatty acids (NEFA). 17, 18 It is not clear, however, whether fasting can affect the acute response of leptin to nutritional stimuli. Such acute regulation of leptin may be important as a mechanism against starvation 19, 20 (rather than leptin acting solely as a satiety factor to prevent weight gain during positive energy balance). An understanding of the mechanism by which leptin responds acutely to nutritional and hormonal stimuli is therefore important. The aim of this study was to investigate whether fasting alters the leptin response to an acute glucose challenge in young male rats. Other serum metabolite and hormone responses to the glucose challenge in fed and fasted rats were examined in relation to the leptin response. The effects of fasting and the glucose challenges on leptin gene expression and leptin protein content were examined to determine whether changes in these were the means of regulating acute leptin secretion.
Methods

Animals
Specific pathogen-free male Wistar rats (6 weeks) were purchased from the Animal Resource Centre (Perth, WA, Australia). Rats were housed individually in the School of Molecular and Microbial Biosciences Animal House, University of Sydney and allowed free access to standard laboratory chow (Young Stock Foods, Rat and Mouse Diet, NSW, Australia) and water. Rats were maintained at 221C on a 12 h light:12 h dark cycle. Approval for the study was obtained from the University of Sydney Animal Ethics Committee and the principles of laboratory care were followed.
Intravenous (i.v.) glucose challenge
Silastic cannulae were inserted under anaesthesia (30 mg/kg sodium pentobarbitone/50 mg/kg ketamine hydrochloride) into the left and right jugular veins and exteriorised at the base of the head. The rats were allowed 4-6 days to recover from the surgery. Rats were either maintained with free access to chow or were fasted overnight (food removed at 1800 h) prior to the experiment. After a baseline blood sample was taken, an i.v. bolus of a 50% glucose solution (1, 4 or 7 g/kg) was administered to the rats over a period of 1 min. Blood samples (a maximum of 100 ml) were taken after 5 min and every 30 min for 5 h. Red blood cells were resuspended in an equivalent volume of saline and infused i.v. to maintain blood volume. All rats were conscious and denied access to food but had free access to water for the duration of the experiment. All experiments were commenced between 1000 and 1100 h (4-5 h into the light cycle). At 5 h after the glucose bolus the epididymal fat pads (EWAT) were removed under sodium pentobarbitone anaesthesia (60 mg/kg administered i.v.) and immediately frozen in liquid nitrogen for subsequent RNA and leptin protein extraction. Rats were then killed under anaesthesia. Other rats were also studied either following ad libitum feeding or following an overnight fast for basal levels of leptin mRNA and leptin protein content of EWAT (fat pads were removed as described above).
Serum analyses
Serum leptin and insulin were measured using double antibody rat specific RIA kits (Linco Research, St Louis, MO, USA). Serum glucose was measured by a glucose oxidase/peroxidase method with 4-amino-antipyrene dye. Serum NEFAs were measured with an in vitro enzymatic colorimetric assay kit (WAKO, Osaka, Japan).
Leptin protein content in epididymal adipose tissue (EWAT) Leptin protein was extracted from EWAT as described previously. 21 Briefly, pieces of frozen EWAT (B100 mg) were homogenised in TES buffer (10 Amplification was performed in an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA) and the results were analysed using ABI Prism 7000 software.
Data analyses and statistics
The leptin, glucose, insulin and NEFA responses to the glucose challenges were determined as the total area under the curve (tAUC) calculated from a baseline of zero. The leptin, glucose and NEFA responses were examined in the 300 min following the glucose bolus. Due to limitations in blood volume collection the tAUC for insulin was determined in the 60 min following the glucose bolus.
All data are presented as means7s.e.m. Differences between the groups were analysed using ANOVA (Statview Statistical Analysis Software version 4.57) followed by Fisher's PLSD post hoc tests as appropriate. Differences between fed and fasted groups under basal conditions were analysed using Student's t-test. Correlations were performed using simple regression analysis. Results were considered significant if Po0.05.
Results
Effect of nutritional state (fed or fasted) and i.v. glucose challenge on serum hormone and metabolite levels Serum glucose was elevated, as expected, following a glucose challenge in both fed and fasted rats ( Figure 1 ). The total serum glucose response determined as the tAUC for the Insulin determines leptin responses during ivGTT CG Walker et al 300 min following the glucose challenge increased with increased glucose dose administered (Po0.01, Table 1 ). There was no significant effect of fasting on the serum glucose response to the glucose challenges; however, initial serum glucose was higher in the fed (6.570.5 mM) than fasted conditions (4.070.4 mM, Po0.001).
Serum insulin responded acutely to the glucose challenges in a dose-dependent manner ( Figure 2 ). Fasting caused a significant reduction in the basal serum insulin level (fed: 187732 pM, fasted: 2076 pM, Po0.0001). The insulin response to the glucose challenges was examined as the total area under the insulin curve over 60 min. The tAUC was significantly lower overall in the fasted animals for all glucose doses (Po0.0001) and was glucose dose-dependent within both the fed (Po0.01) and fasted (Po0.05) groups (Table 1) .
There was no significant effect of glucose infusion on NEFA profiles for any of the glucose doses (data not shown) nor on the tAUC NEFA curves (Table 1) .
Serum leptin response to an acute glucose challenge in fed and fasted rats The leptin response to the glucose challenge was examined as the tAUC for the 300 min following the glucose challenge and was significantly greater in the fed compared to fasted rats overall (Po0.0001) and for each glucose concentration ( Table 1 ). The total serum leptin response was affected by the amount of glucose administered in both fed (Po0.001) and fasted (Po0.01) rats both with the 4 and 7 g/kg dose producing greater leptin responses than the 1 g/kg glucose dose (Table 1) (Figure 3 ).
There was a significant difference (Po0.01) in body weight between the fed (24175 g) and fasted (22174 g) groups, which may largely be due to the weight of food in the digestive tract. However, when the total leptin response was corrected for body weight the leptin response remained significantly greater in fed compared to fasted rats overall (Po0.0001) and for each glucose dose.
Relationship of serum glucose and insulin with leptin
In response to the glucose challenges, the total area under the acute insulin curve correlated with the total area under The responses are represented as the total area under the curve (tAUC) with a baseline of 0 for the 300 min for glucose, leptin and NEFA and for 60 min for insulin, following the glucose bolus. Data are expressed as the mean7s.e.m., n ¼ 6 for each group for leptin and glucose data except fasted 7 g/kg, and all groups for NEFA and insulin data, where n ¼ Insulin determines leptin responses during ivGTT CG Walker et al the glucose curve in fed but not fasted rats (Figure 4a ). The total area under the leptin curve also correlated with the total area under the glucose curve in fed, but not fasted rats (Figure 4b ). The total area under the leptin curve correlated strongly with the total area under the acute insulin curve for all rats (Figure 4c ).
Effect of fasting and the i.v. glucose challenge on leptin mRNA and leptin protein content in epididymal white adipose tissue (EWAT) An overnight fast caused an B2-fold reduction in leptin mRNA levels in EWAT when compared to levels in rats fed ad libitum (Figure 5a ). At 5 h following the i.v. glucose bolus, leptin mRNA in EWAT was lower in fasted than in fed rats but the difference was no longer significant ( Figure 5a ). Leptin mRNA appeared reduced (compared to basal) 5 h following the 1 and 4 g/kg glucose bolus in both fed and fasted rats, whereas the amount of leptin mRNA was conserved in fed rats and stimulated slightly in fasted rats following the 7 g/kg glucose bolus, although these differences were not significant (Figure 5a ). The amount of leptin protein was also lower overall in the EWAT of fasted rats (Po0.001) and was significantly lower than the amount in fed rats 5 h after both the 1 and 4 g/kg glucose doses (Figure 5b ). The effects of fasting were partially reversed 5 h after the 7 g/kg glucose dose with the amount of leptin protein in EWAT being significantly greater than 
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A similar reduction was also seen in the EWAT of fed rats following the 1 g/kg dose although these differences did not reach significance.
Discussion
The novel finding of this study was that a glucose bolus administered to fasted rats failed to elicit the leptin secretory response seen in fed rats. To determine possible signals between nutritional status and leptin response, the relationships between serum leptin and other hormone and metabolite responses to the glucose challenges were examined. The correlation between serum leptin and insulin responses to the glucose challenges shown in this study supports the role of insulin in the regulation of leptin levels. Insulin has previously been shown to be important in the leptin response to nutritional stimuli, with both sustained hyperinsulinaemia being associated with increased serum leptin levels, and the fall in serum leptin with fasting being attributed to the fall in serum insulin. 2, 3, 7 Insulin also regulated leptin levels during hyperinsulinaemic clamps in both humans and rodents, with an increased leptin response produced from a greater dose of insulin. 22, 23 Glucose has also been postulated as a signal of nutritional status. In the current study, leptin responses to various glucose doses were suppressed in fasted rats despite no difference in the serum glucose response. The relationship between glycaemia and serum leptin responses to the glucose challenge was evident in fed rats only. Any connection between serum glucose and serum leptin response may be dependent on high insulin levels (seen in the fed animals), as under hyperinsulinaemic conditions hyperglycaemia increased the leptin response compared to normoglycaemia in rats. 12, 24 It has been shown that leptin secretion is related to insulin-stimulated glucose uptake or metabolism in the adipocyte in vitro 11 and in vivo. 22, 25 As fasting decreases the uptake and metabolism of glucose in adipose tissue, [26] [27] [28] this (in addition to the lower insulin responses) may be the mechanism for the lower leptin secretory response observed in the fasted rats. If leptin has a predominant role as a survival signal in response to starvation, 19 it may be important to maintain low serum leptin levels following fasting. The leptin response to acute nutritional stimuli may remain suppressed until physiological responses such as insulin secretion and insulin-stimulated adipocyte metabolism return to normal. This mechanism would allow adequate refeeding following periods of fasting or reduced energy intake before satiety. The rise in NEFA levels with fasting has been associated with decreased leptin levels; 29 therefore, the possibility of fasting-induced changes in NEFA levels inhibiting leptin secretion was explored. This study showed no effect of the prior nutritional state, or the glucose dose, on 5 h NEFA profiles and no relationship of the latter with serum leptin.
Epididymal adipose tissue (EWAT) was chosen as a representative fat depot to examine the regulation of leptin production as the amount of leptin mRNA is highest in this tissue as well as it being most responsive to nutritional changes. 30, 31 The amount of leptin mRNA was reduced in fasted rats prior to the glucose challenge, as previously reported. 4, 5, 30, 32 This decreased amount of leptin mRNA in EWAT of fasted rats may reduce the capacity for de novo leptin synthesis compared to the EWAT of fed rats. At 5 h following a glucose bolus, leptin mRNA was reduced under all conditions except following the 7 g/kg glucose bolus. The reduction in leptin mRNA of fed rats to that of basal fasted levels was not associated with a similar reduction in either 5 h glucose or insulin levels. It is possible that an acute increase in leptin mRNA levels occurred earlier within the 5 h as glucose administered i.p. has previously been shown to induce ob expression within 30 min. 4 The 7 g/kg glucose dose was sufficient to maintain leptin mRNA levels in fed rats and cause partial reversal of leptin mRNA levels found in fasted animals, an effect also seen with 5 h glucose levels. In this study, the leptin protein content of EWAT was also shown to be lower in fasted rats prior to a glucose challenge. Insulin has been shown to stimulate leptin release without a corresponding increase in leptin gene expression, [14] [15] [16] 33 and can stimulate the release of leptin protein from a preformed intracellular store. 16, [34] [35] [36] Thus, the acute leptin response to the glucose challenges in fed rats may be facilitated by insulin-stimulated release of leptin protein from a greater intracellular store, which did not necessitate an increase in leptin gene expression. At 5 h after the glucose challenge the tissue leptin content was mostly conserved in fed rats, indicating that leptin synthesis is stimulated to replenish secreted leptin. The 7 g/kg dose of glucose in fasted rats produced a stimulation of leptin protein synthesis such that 5 h following the bolus, the leptin protein content of EWAT was partially restored to levels seen in the EWAT of fed rats. Thus, the EWAT of fasted rats has a reduced capacity to secrete and produce leptin in response to a glucose and insulin stimulus. Only the highest glucose load appeared sufficient to partially reverse the effects of fasting or to maintain the fed signal in EWAT and may be a result of the very high serum glucose excursions in response to the 7 g/kg glucose dose.
There are a number of other factors altered by fasting, including glucocorticoid levels and sympathetic nervous system activity, which may also play a role in the acute regulation of leptin expression and secretion. 37, 38 In vitro studies examining the effects of prior fasting on the acute leptin response to glucose and insulin should elucidate some of these confounding variables. The current studies were carried out in young male rats. As sexual dimorphism exists in the leptin response to fasting and re-feeding in rodents 39 it would be interesting to follow-up these studies in female rats.
In conclusion, this study has shown that the serum leptin response to an acute glucose challenge is significantly Insulin determines leptin responses during ivGTT CG Walker et al suppressed in fasted compared to fed rats. The serum leptin responses correlate with serum insulin responses, and it is suggested the stimulus for the greater leptin response in fed rats may be the increased serum insulin, which possibly produces increased rate of insulin-stimulated glucose metabolism in adipocytes. The increased leptin secretory response in fed rats could be facilitated by an increased basal amount of pre-existing leptin protein as well as of leptin mRNA. The suppression of the fasting response to glucose may be an important survival mechanism following periods of starvation to ensure adequate nutrition to restore energy balance before satiety is signalled.
